Hatano high-and low-avoidance (HAA and LAA) rats are separated by breeding from Sprague-Dawley rats by high versus low rates of avoidance responses in a shuttle-box task. In addition, compared to HAA rats, LAA rats show lower running-wheel activity, later sexual maturation, 5-day estrous cycling, lower sperm motility, more pronounced immunological reactions, and are generally less reactive to stress. The present study was designed to compare the effects of transmaternal exposure to genistein on these characteristics between HAA and LAA rats. To this aim, litters from both strains were fostered onto Sprague-Dawley rats receiving genistein by gavage with 5 mg/animal/day from day 17 of pregnancy through day 21 of lactation. Inhibited growth after weaning and reduced uterine weight at weaning were observed in the LAA offspring reared by genistein-treated dams. IgM antibody production in response to sheep red blood cells was significantly decreased in the HAA offspring reared by genistein-treated dams. During restraint stress, the plasma concentration of corticosterone was significantly lower in the LAA offspring reared by genistein-treated dams. Strain-related differences were detected in shuttle-box avoidance performance, running-wheel activity, estrous cycling, and sperm motility. The results demonstrate that transmaternal exposure to genistein potentially affects the immunological and stress responses as well as the postweaning growth of the offspring. It suggests that a comparative study using Hatano rats would be useful for studying the influence of endocrine active chemicals on the whole body systems.
Introduction
From the viewpoint of behavioral genetics, consideration of genetic control is necessary for animal studies of neurobehavioral teratology. Therefore, we have separated two inbred strains from Sprague-Dawley (SD) rats, Hatano high-and low-avoidance (HAA and LAA) rats, which show uniform behavior within the strain, but different baseline behaviors between strains in a shuttlebox avoidance task [27] . The selection criterion is based on the number of avoidance responses obtained during four daily sessions of 60 trials, with HAA rats being -Original-identified by a high rate of avoidance responses and LAA rats by a low rate. Using these two strains, we have developed new methods for the risk assessment of the toxicological effects of substances on the behavior of the next-generation [28, 30] . Although the Hatano rats are separated by their avoidance performance as mentioned above, characteristic differences between the strains are not only observed in their behaviors but also in their reproductive function [2, 35, 36, 38] , immunological reactions [26] , and stress responses [1, 3, 31] . For example, compared to HAA rats, LAA rats show lower running-wheel activity, later sexual maturation, 5-day estrous cycling, lower sperm motility, more pronounced immunological reactions, and are generally less reactive to stress. In addition, the data of these two strains falls within the normal range of variation for SD rats, from which the Hatano rats are derived.
In this study, we studied the effects of an endocrine active compound that has the potential to stimulate the normal endocrine system and focused on its effects on the nervous, endocrine, and immune systems. The results of animal studies on endocrine active compounds have often varied study by study, especially in their effects on the next generation. These variations in results may originate in genetic variations in the animals used [39] , and we hoped to clarify the situation by using the HAA and LAA inbred strains, which show little interindividual variation and whose nervous, endocrine, and immune interactions are well characterized.
Genistein (GN) is a typical phytoestrogen. Phytoestrogens are naturally occurring constituents of plants such as soy, and are known to exhibit estrogenic activity in rodent uterotrophic assays [13] . Soy-containing infant formulas and the breast milk of mothers that consume soy-based foods are rich in isoflavones [8, 37] . In animal studies, GN is reported to have had effects on behavior [7, 18] , the reproductive system [4, 19, 23, 34] , and the immune system [9, 15, 41] .
In the present study, we used non-selected SD rats (background strain of Hatano rats) as the foster dams to rear pups of Hatano rats and administered the test compound, genistein, to the foster dams in order to avoid the influence of strain differences in maternal behavior [32] .
Materials and Methods
Newborns of ten litters from HAA and LAA strains, maintained at the Hatano Research Institute were used for this experiment. In addition to the newborns, 20 pregnant SD rats purchased from Charles River Laboratories Japan, Inc. were prepared as foster dams for the newborns. The animals were kept in an animal room maintained under a 12-h light-dark cycle (lights on from 07:00 to 19:00), with a room temperature of 22 to 24°C and a relative humidity of 50 to 65%. GN (Purity: minimum 98%) was purchased from Sigma Chemical Co. (St. Louis, MO), and was suspended in corn oil (Nacalai Tesque, Co.) and mixed in a mortar to prepare the dosing sample (5 mg/ml). A stomach tube attached to a syringe was used to orally administer 5 mg/animal/day of GN to ten pregnant SD rats from day 17 of pregnancy through day 21 of lactation. Based on the average body weight of 0.3 kg for a foster dam rat, the dose of 5 mg/ animal/day was estimated as being approximately equal to a dose of 16 mg/kg/day. This dose was within the range of human exposure levels. Another ten pregnant SD rats, used as a control group, were administered with 1 ml/animal/day of corn oil in the same manner. All of the pregnant females were housed individually with wood-chip bedding, and free access to food (CE-2, Clea Japan Inc.) and water. On the day after parturition, designated as postnatal day 1 (PD 1), eight newborns (4 males and 4 females where possible) from HAA and LAA dams were fostered onto SD dams receiving GN administration. The ages of the litters reared by the foster dams were within ± 24 h of their own litters. The HAA and LAA offspring were subjected to the tests noted below. The animal experiments in this study were conducted in accordance with the "Guidance for Animal Experiments in Hatano Research Institute, Food and Drug Safety Center".
Body weight and physical development
All offspring were weighed on PDs 1, 4, 7, 14, and 21, and weanlings were further weighed at 4, 5, 6, 7, 8, 9 , and 10 weeks of age. Test offspring were examined daily for the following developmental landmarks as previously described: eyelid opening [29] from PD 12, vaginal opening [38] from PD 28, and preputial separa-tion [36] from PD 35.
Behavioral tests and estrous cycle
Litters weaned at PD 21, were caged in pairs of the same sex and kept in the same animal room as before. Four offspring (2 males and 2 females where possible) from each litter were examined using the following tests as previously described [30] : shuttle-box avoidance and running wheel activity tests at 7 and 8 weeks of age, respectively. From 9 weeks of age, vaginal smears were taken daily from three females of each litter for 3 weeks to determine the stage of the estrous cycle.
Organ weight, sperm motility, and hormone levels
At PD 21, two offspring (1 male and 1 female where possible) from each litter were sacrificed by exsanguination under sodium pentobarbital anesthesia. The adrenal glands, thymus, testes, epididymides, ovaries, and uterus were weighed.
At 12 weeks of age, four offspring (1 male and 3 female where possible) from each litter were anesthetized with sodium pentobarbital, and blood was collected in heparinized tubes from the posterior vena cava. Females were sacrificed at various times during the estrous cycle (12 and 18 h of pro-estrus, 12 h of estrus). The adrenal glands, spleen, thymus, testes, epididymides, seminal vesicles, ventral prostate, ovaries, and uterus were weighed. The characteristics of motile sperm in the caudal epididymis were determined using a HamiltonThorne IVOS analyzer as previously described [35] . Blood collected at necropsy was centrifuged and the plasma was separated and stored at -20°C until determination of progesterone, LH, and FSH [2] .
Immune response to sheep red blood cells (SRBC)
At 19 weeks of age, one male from each litter was given a single intravenous injection of 0.7 ml of 1% SRBC four days prior to necropsy. The animals were anesthetized with sodium pentobarbital, and blood was collected from the posterior vena cava, prior to sacrifice. The spleen was weighed, and the spleen cells were subjected to a plaque-formation cell (PFC) assay as previously described [26] . The blood's lymphocyte count was analyzed by an automated hematology analyzer (CellDyn3500, Abbott Laboratories), and then the serum was separated and stored at -80°C until determination of anti-SRBC-IgM [26] .
Hormonal response to stress
At 6 months of age, one male from each litter was sacrificed by decapitation following 30 min of immobilization in a plastic bag as previously described [3] . On the day before immobilization, a blood sample was collected from the tail vein as previously described [31] to assess the basal level of hormones. The blood sample was collected in heparinized tubes containing aprotinin and centrifuged. The plasma was separated and stored at -20°C until it was assayed for ACTH, corticosterone and prolactin [3] . The testes, epididymides, and ventral prostate were weighed at necropsy.
Statistical analyses
Data were analyzed using analysis of variance (ANO-VA) with transmaternal exposure (GN, oil) and strain (HAA, LAA) as between-subject factors, and day as a within-subject (repeated measure) factor. Data were analyzed separately for males and females. Significant interactions were further analyzed using simple-effect ANOVA at each level of interaction to localize the major effects. The offspring data used the litter average as the unit of statistical analysis. Statistical significance was assumed at P values of 0.05 or less.
Results
No effects of GN exposure on the body weight of the offspring during the pre-weaning period were observed in either the HAA or LAA offspring. The body weights after weaning are shown in Figs. 1A to 1D. In the LAA offspring, the post-weaning weights of the GN group were significantly lower than those of the control group in both males [F (1, 48 .05] were further delayed in the GN exposure groups. The differences were marginally signifi cant when individual data were used for analysis, but did not reach signifi cant levels when litter means were used. In the HAA offspring, no infl uence of GN exposure was observed in either sex.
No signifi cant differences between the control and GN groups were observed in the rate of avoidance responses during 2 days (60 trials per day) of shuttle-box avoidance tests, in spite of clear strain differences between HAA and LAA rats.
The number of revolutions in the running wheel activity test was signifi cantly higher in HAA than LAA offspring over 3 consecutive days. There were, however, no signifi cant effects of GN exposure on the number of revolutions in either HAA or LAA offspring. Data are expressed as the mean ± SE in postnatal days until the criterion was met. Parentheses show the number of animals examined. *P<0.05 compared to the respective controls.
In the monitoring of estrous cycle from 9 to 12 weeks of age, all of the HAA offspring showed a regular 4-day estrous cycle in both the control and GN groups. In the LAA offspring, 24 and 41% of the control rats exhibited regular 4-and 5-day cycles, respectively, as did 7 and 46% of the GN group. The rest of the control (35%) and GN (47%) groups showed repeated 4-and 5-day cycles, and the mean cyclic lengths of the control (4.6 days) and GN (4.7 days) groups were not signifi cantly different.
At weaning of LAA offspring, the mean uterus weight of the GN group (27.0 mg) was signifi cantly lighter [F(1,10)=6.53, P<0.05] than that of the control group (30.3 mg). There were no signifi cant differences between the control and GN groups in the weights of the adrenal glands, thymus, testes, epididymides, or ovaries in either strain.
In male offspring at 12 weeks of age, the weights of the seminal vehicles, adrenal glands, and thymus were signifi cantly lighter, and the weight of the testes was signifi cantly heavier in LAA than in HAA rats. There were no signifi cant effects of GN exposure on any organ of either strain. The percent of motile sperm was signifi cantly higher in HAA than in LAA rats. The values of VAP, VSL, and VCL, which represent the swimming speed, and ALH, which refl ects the oscillation width of a sperm head, were signifi cantly higher in HAA than in LAA rats. There were, however, no signifi cant effects of GN exposure on any of the parameters of sperm motion. A strain difference between HAA and LAA rats was observed in the plasma levels of FSH, but no signifi cant effects of GN on progesterone, LH, or FSH of male offspring were noted.
In female offspring at 12 weeks of age, the weight of the thymus was signifi cantly lighter, and that of the ovaries was signifi cantly heavier in LAA than in HAA rats. No infl uence of GN exposure was observed in any organ of either strain. Strain differences were observed in the plasma levels of progesterone, LH, and FSH, but no signifi cant effects of GN on these hormones were noted. The results of the PFC assay, the anti-SRBC IgM, spleen weights, and lymphocyte counts are shown in Figs The results of the restraint-stress challenge test are shown in Figs. 3A, 3B , and 3C. During restraint stress, the plasma concentrations of corticosterone, ACTH, and prolactin increased in both strains. A signifi cant effect of GN was found on the corticosterone concentrations of LAA offspring [F(1,9)=16.53, P<0.01], which were signifi cantly lower in the GN group than in the control group. Similarly, the corticosterone concentrations of the HAA offspring and the ACTH concentrations of both strains tended to decrease in the GN group during stress, but these changes were not signifi cant. There was no signifi cant effect of GN on plasma prolactin concentrations. The weights of the testes and the ventral prostate at 6 months of age were signifi cantly heavier in LAA than in HAA offspring. However, there were no significant effects of GN on the weights of the testes, epididymides, or ventral prostate at 6 months of age.
Discussion
The influence of transmaternal GN exposure on body weight was observed in both sexes of LAA offspring after weaning. The newborns of SD rats directly given 12.5 mg/kg/day or more of GN by gavage from PD 1 to PD 5 exhibited a decrease in the body weight of both sexes after weaning [23] . It has been reported that in juvenile female mice given GN (20 and 80 mg/kg/day s.c.), fat pad weight decreases dose dependently and that lipoprotein lipase mRNA also decreases [22] . Oral GN treatment (150 and 1,500 mg/kg diet) in ovariectomized mice is also reported to result in reduced body weight and apotosis of adipose tissue [14] . In addition, GN (5 mg/kg) caused a slight increase in blood glucose concentration with a concomitant drop in insulin level in male rats [40] . Although the mechanisms of the body weight reduction induced by transmaternal GN exposure in the present study are not clear, the strain difference in the effect of GN on body weight is interesting, and this difference is probably dependent on the genetic backgrounds of the animals.
Sexual maturation was delayed in both sexes of LAA offspring. This was possibly caused by the body weight effect, because a high dose of GN as well as other estrogenic compounds is expected to accelerate vaginal opening.
No obvious effects of GN were observed on any parameters of shuttle-box avoidance or running-wheel activity for either the HAA or LAA strain. Therefore, transmaternal exposure to GN does not affect avoidance learning or locomotion activity independently of baseline behavior.
When the organ weights were measured at weaning of the LAA offspring, the mean uterine weight in the GN group was significantly lighter than that in the control group. Although postnatal exposure to a high dose of GN is expected to increase uterine weight, decreased uterine weight following lactational exposure was reported at low doses of GN [4, 6] . Low doses of diethylstilbestrol or ethynylestradiol also induced uterine weight reduction by neonatal treatment [5] . Uterine weight reduction may be caused by down regulation of uterine estrogen receptor during neonatal treatment with estrogens.
There were no effects of GN exposure on the estrous cycles of the HAA and LAA offspring. It was shown that irregular estrous cycles occur following neonatal exposure of rats to GN for prolonged periods during estrus [24] . Jefferson et al. [12] reported alterations in the estrous cycle of CD-1 mice following neonatal exposure to GN at doses of 0.5 to 50 mg/kg and these were exacerbated more at 6 months than at 2 months of age. The dose of GN used in the present study probably did not affect the estrous cycle of offspring, because no significant effects of GN were observed on reproductive organ weight or hormone levels in adulthood. However, estrous cycle observation in the present study was made only at a young age. Further study at an older age is needed to evaluate the estrous cycle of offspring. Although no effect of GN exposure was observed on anti-SRBC IgM levels, the value of the PFC assay was decreased by GN exposure in the HAA offspring. Furthermore, the number of lymphocytes was decreased in the HAA offspring reared by GN-treated dams. These results suggest that GN induces immunosuppression in vivo. GN at a dose of 80 mg/kg/day produced impairments in humoral immunity reducing keyhole limpet haemocyanin-specific antibody titers in mice [41] . In ovalbumin-immunized mice, GN at a dose of 20 mg/kg/ day suppressed ovalbumin-specific IgG levels [16] . However, an increased splenic T-cell number was observed in SD rats exposed to GN during gestation and lactation [10] . Sakai and Kogiso [34] suggest that the effect of GN on immunity is immune cell-dependent.
Long-Evans rats that were given a high phytoestrogen diet showed decreased anxiety, as expressed in elevated plus maze results [18] . During restraint stress in the present study, the plasma concentrations of corticosterone and ACTH were lower in the GN group than in the control group in both strains. These results seem to agree with the decreased anxiety reported for GN offspring as described above. The opposite result was reported in hooded Lister rats that were fed 150 µg of GN plus daidzein for 14 days [11] . Furthermore, male Long-Evans rats on a lifelong high phytoestrogen diet (600 µg/g of diet) showed higher plasma ACTH but similar corticosterone levels after stress [17] . In addition, serum corticosterone levels tended to decrease in male Wistar rats that were administered subcutaneously with GN (40 mg/ kg/day) for 3 weeks after weaning [25] . These reports suggest that GN alters the negative feedback of stress hormones and/or steriodogenesis in the adrenal gland of rats. However, the perinatal effect of GN on the hypothalamic-pituitary-adrenal (HPA) axis is not clear. Further study is needed to evaluate the effects of GN on the relationship between anxiety stress and the HPA axis.
The dosage of 5 mg/animal/day (approximately 16 mg/kg/day) of GN, that was used in the present study, was chosen to be comparable to the normal range of human exposure levels during lactation [8, 37] . Lewis et al. [20] reported that SD rats administered with GN in a single oral dose of 16 mg/kg during lactation had a milk GN level of 0.17 µg/ml, while the plasma level of dams was 1.8 µg/ml. Thus, the amount of GN expressed into milk is low. However, some alterations were detected in offspring reared by GN-treated dams in the present study suggesting that this dose of GN caused some effects in the next generation.
This comparative study using HAA and LAA rats, which have different characteristics between their strains and uniform characteristics within strains, may provide useful information on individual differences in sensitivity to compounds with estrogen activity such as GN. Transmaternal exposure to GN inhibited growth and reduced uterine weight in the LAA offspring. Antibody production was inhibited in the HAA offspring and a reduced stress response was observed in the LAA offspring. These results suggest that the HAA and LAA strains are useful animal models for studying the influence of endocrine active chemicals found in the environment and for estimating their influences on the whole body systems.
